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susceptibility depending on the cultivar (7) . PPV-D is the only type currently present in Spain, Chile, and, to a lesser extent, the United States. However, Spain in particular is at high risk of being affected by the aggressive PPV-M type, which presently is spreading through Mediterranean countries. This is due to the traffic of infected plant material and because PPV-M is more readily vector transmitted. In 2002, PPV-M was detected and successfully eradicated in Spain (6) .
Mixed virus infections commonly occur in higher plants. The interaction between co-infecting viruses has been studied extensively. Specifically, members of the genus Potyvirus interact with a broad range of unrelated viruses, including members of the genus Potexvirus (e.g., Potato virus X) (13, 17, 29) , Pararetrovirus (e.g., Cauliflower mosaic virus) (19) , Picornavirus (e.g., Cowpea mosaic virus) (1) , and other potyviruses (e.g., Tobacco vein mottling virus, Tobacco etch virus, and Pepper mottle virus) (33) , producing in such cases synergistic diseases. On the other hand, Dietrich and Maiss (13) demonstrated no synergism and spatial separation of co-inoculated Potyvirus (PPV, Tobacco vein mottling virus, and Clover yellow vein virus) populations of the same or different strain in Nicotiana benthamiana Domin. plants.
Challenge experiments were performed to analyze the consequences of PPV-M superinfection on Japanese plum trees previously infected with PPV-D and vice versa. The development of the two inoculated virus populations and the interaction between them were studied over a 7-year period. Additionally, sensitive molecular techniques were used, such as quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR), with fluorescent 3′ minor groove binder (MGB) DNA-specific Taqman probes to achieve accurate detection, differentiation, and quantification of PPV-D and PPV-M virus populations in the same plant. In a previous real-time multiplex RT-PCR assay, SYBR Green technology was used to detect and differentiate PPV-D and PPV-M types in woody and herbaceous plants (34) . Taqman technology also has been used for universal detection and quantification of PPV (26) .
Cross-protection against aggressive isolates of Citrus tristeza virus (CTV) constitutes a common agronomic practice in citrus nurseries in Brazil (11); however, to our knowledge, this is the first time that the interference between two groups of the same virus has been monitored in stone fruit trees in a long-term assay.
MATERIALS AND METHODS
Host plants, PPV isolates, and inoculation assays. Two-yearold Japanese plum cvs. Black Diamond and Sun Gold were grown in the open field under insect-proof facilities (quarantine screenhouse) at Instituto Valenciano de Investigaciones Agrarias (IVIA) in Valencia, Spain. In all, 10 Black Diamond trees were chip (nonbudding) graft inoculated with a GF305 peach seedling infected with a well-characterized PPV-D isolate (3.3 RB/GF; AF172346) and another 10 trees were graft inoculated with a typical PPV-M isolate (MS89 Mp11/GF) following the same procedure. In the same way, five Sun Gold trees were inoculated with the previously mentioned PPV-D isolate and another five trees with PPV-M. In previous experiments, both PPV isolates showed similar double-antibody sandwich indirect enzyme-linked immunosorbent assay (DASI-ELISA) values in Sun Gold plants. Graftings were performed in May 1997. One year later, the trees were assessed by DASI-ELISA (described below) using PPV universal and PPV-D-and -M-specific monoclonal antibodies. Some of the already infected trees were graft inoculated again; 7 of 15 trees previously inoculated with PPV-D were challenge inoculated with the PPV-M isolate (referred to as D+M trees), and 7 of 15 trees previously inoculated with PPV-M were challenge inoculated with the PPV-D isolate (referred to as M+D trees). The rest of the trees remained as single-inoculated controls. Three additional trees of each cultivar were not inoculated and were kept as healthy controls.
Infection monitoring. At least five symptomatic leaves were collected from each plant and 1 g was ground in 20 ml (1:20, wt/vol) of phosphate-buffered saline buffer, pH 7.2, supplemented with 2% (wt/vol) polyvinyl-pyrrolidone and 0.2% (wt/vol) sodium diethyl dithiocarbamate (5) inside individual plastic bags containing a thin net (Bioreba). The same crude extracts were used for both serological and molecular analyses. Total RNA was obtained from 200 µl of plant extracts using the RNeasy Plant Minikit (Qiagen, Hilton, Germany) for RT-PCR and quantitative real-time RT-PCR reactions.
DASI-ELISA. Serological assays for PPV-D and PPV-M infection were performed in May 1997 May , 1998 May , 2000 May , 2003 May , and 2004 (over a 7-year experimental period) by DASI-ELISA using 5B-IVIA PPV-universal monoclonal antibody (Durviz kit, Valencia, Spain), and PPV-D (4DG5) and PPV-M (AL) typing specific monoclonal antibodies (3, 5, 8) , following the European and Mediterranean Plant Protection Organization Protocol (14) .
RT-PCR. In May 2004 (7 years after the first inoculation), PPV populations present in plants were examined by heminested RT-PCR using D-and M-specific primers (8, 27) .
Cloning and sequencing. A 243-bp cDNA fragment from the virus populations present in six D+M-and M+D-inoculated trees (three from Black Diamond and three from Sun Gold) were amplified by RT-PCR using P1 and P2 primers (36) and cloned into pGEM-T (Promega, Inc., Madison, WI). Eight clones from each PPV population present in a given tree were sequenced. Analyses of the sequenced fragments were performed using the similarity search tool megablast of the BLAST program from the National Center for Biotechnology Information (NCBI; Bethesda, MD).
MGB probes, primers design, and quantitative real-time RT-PCR. Primers and Taqman MGB probes were designed using the Primer Express software (Applied Biosystems). PPV nucleotide sequences available in the GenBank database were aligned and used to design the forward primer PPV-MGB-F (5′-CAGAC-TACAGCCTCGCCAGA-3′) and the reverse primer PPV-MGB-R (5′-CTCAATGCTGCTGCCTTCAT-3′) to amplify a 106-bp fragment of the coat protein (CP) gene of PPV. In the same way, 6FAM dye MGB-labeled probes specific for detection of PPV-D isolates (MGB-D probe, 5′-TTCAACGACACCCGTA-3′) and PPV-M isolates (MGB-M probe, 5′-TTCAACAACGCCTGTG-3′) were designed ( Table 1) .
To build standard curves for quantitative detections, a 243-bp fragment was amplified by RT-PCR using P1 and P2 universal primers (36) from PPV-M (PS, AJ243957) and PPV-D (3.3RB/ Nb, AF172347) isolates and cloned into pGEM-T in the appropriate orientation. NotI linearized plasmids were transcribed in vitro using the Megascript T7 kit (Ambion Inc., Austin, TX) to obtain 304-bp transcripts from PPV-D and PPV-M isolates, respectively. Validation assays to assess the specificity of the method were performed with 12 PPV-D isolates (3.30RB/GF, 3.3RB/GF, 3.3RB/Nb, 3.4RB/GF, 1.4S, 13.3S, 16L, 32L, 85L, 15RB, B4P, and K6F) and 12 PPV-M isolates (6M/GF, 7M/GF, 9M/GF, 16M/GF, 17M/GF, 18M, 19M, 20M, 22M, MS89/GF, MS89 Mp11/GF, and PS/Nc) from different Prunus cultivars and origins. Amplifiable PPV targets in these samples were quantified using the primers and specific MGB probes designed and, in parallel, with primers and Taqman probes previously described (26) for universal detection of PPV (Table 1) Recombination analyses. Two strategies were used to detect possible recombinants between PPV-D and PPV-M isolates in trees with mixed infection at the end of the experiment, 6 years after challenge inoculations: (i) RT-PCR amplification of two different regions of the PPV genome corresponding to the CP and the cytoplasmic inclusion protein (CI) genes, following typing techniques previously described (8, 15) ; and (ii) direct detection of recombinants by RT-PCR using a pair of primers that flank the recombination breakpoint between PPV-D and PPV-M in the 3′-proximal terminus of the RNA replicase (NIb) gene (31) .
RESULTS

Infection progress monitoring.
The progress and development of PPV-D and PPV-M populations in single-and double-inoculated Japanese plum trees, followed by DASI-ELISA with universal and type-specific monoclonal antibodies, over a 7-year experimental period, is shown in Table 2 . Trees of both plum cultivars inoculated with PPV-D or PPV-M became systemically infected within 1 year. The graft-inoculated isolate was distributed throughout the plant. In the trees inoculated with a single PPV isolate (D or M), only the inoculated isolate was detected throughout the experimental period. In the singly inoculated trees, PPV-D accumulated to significantly higher titers in Sun Gold than in Black Diamond trees, whereas PPV-M showed similar titers in both cultivars (Fig. 1) . None of the healthy control trees were found to be infected at the end of the experiment.
In D+M Black Diamond plum trees, the aggressive PPV-M isolate progressively invaded the plant, displacing the D population. All D+M Black Diamond plum trees contained only the M type at the end of the experiment (Table 2; Fig. 1 ). However, all D+M Sun Gold trees remained doubly infected. In all D+M plum trees, PPV-M took at least 2 years to spread throughout the plant. On the other hand, when the first inoculum was the PPV-M isolate (M+D trees), no PPV-D was detected throughout the experimental period in either of the plum cultivars assayed. Synergism, in terms of symptom aggravation, was not observed in any of the doubleinoculated trees. Both cultivars displayed only mild symptoms of PPV infection.
RT-PCRs using P1 and P2 universal primers (data not shown) and P1 plus PPV-D-or PPV-M-specific primers were performed for all infected trees at the end of the experiment (Table 2) . No discrepancies in PPV typing were observed between the serological and molecular techniques used. Recombination assays. Six years after challenge inoculations, neither assay strategy detected recombinants between PPV-D and PPV-M (Table 2) . At the end of the experiment, all isolates classified as PPV-D or PPV-M by ELISA-DASI also were classified as PPV-D or PPV-M, respectively, by the RT-PCR amplification of the CP, CI, and NIb genes. In samples where the two populations were detected at this time (SG3, SG4, and SG5 trees), simultaneous reaction with D-and M-specific monoclonal antibodies and simultaneous amplification with D-and M-specific primers were observed for the PPV genes tested. No samples amplified a product by RT-PCR using the pair of primers mD5 (D-specific) and mM3 (M-specific) for direct detection of recombinants in the NIb gene ( Table 2) .
Quantitation The detection and quantitation of PPV-D, PPV-M, or both populations in all trees by quantitative real-time RT-PCR using Dand M-specific MGB probes, after a 7-year growth period, is shown in Figure 1A . Real-time RT-PCR results correlated with serological data using specific monoclonal antibodies (data not shown), not only in terms of the presence or absence of the virus type but also in quantitative estimation of the respective populations in mixed infections (samples SG3, SG4, and SG5). In samples in which a single (D or M) population was detected by DASI-ELISA and RT-PCR at the end of the experimental period, the same population was detected by the specific MGB probe. Samples with D+M mixed infection at the end of the experiment gave positive detection results with both MGB-D and MGB-M probes. In the SG3 tree, there was significantly more PPV-M; in the SG4 tree, there was significantly more PPV-D; and, in the SG5 tree, the two PPV types were effectively equal. Quantitative real-time RT-PCR analysis of those samples 1 year later did not show a significant predominance of either of the two PPV isolates (Fig. 1B) .
Virus titer, expressed as the number of PPV-RNA-amplifiable targets, ranged from 3.7 × 10 4 to 5.2 × 10 6 molecules per RT-PCR reaction 7 years after the beginning of the experiment, although these values rose to 1.2 × 10 7 1 year later. In Sun Gold trees inoculated with only one PPV isolate, PPV-D and PPV-M populations reached approximately the same titer as those previously assessed (1.35 × 10 6 for PPV-D and 1.28 × 10 6 for PPV-M, except for the SG10 tree, which showed an unusually low virus titer) (Fig. 1A) . However, in Black Diamond trees, virus titer at the end of the experiment was more than one order of magnitude higher for PPV-M (with an average of 1.83 × 10 6 ) than for PPV-D inoculated plants (with an average of 1.08 × 10 5 ).
DISCUSSION
The experimental approach developed in this work shows the infection dynamics of two PPV isolates belonging to the main PPV groups. Challenge inoculations by grafting a previously infected plum were used to study the interaction between PPV-D and PPV-M in Japanese plum. PPV spread throughout the whole Japanese plum tree 1 year after graft inoculation, which contrasts with the behaviour of this virus in peach and apricot trees, where PPV usually shows uneven distribution.
The presence of PPV-D did not cross-protect Japanese plum trees against PPV-M superinfection, because this strain was detected in all trees when used as challenge inoculum. Interestingly, in these cases, a delay in the infection was observed, because PPV-M took 1 year to infect a whole healthy plum but at least 2 years to become established in a tree previously infected with PPV-D.
The infection dynamics in D+M-and M+D-inoculated trees seemed to depend on the plum cultivar assayed. All double-inoculated Black Diamond trees ended up singly infected with M, regardless of the inoculation order, indicating a clear predominance of the PPV-M type compared with the PPV-D population in this plum cultivar. Not surprisingly, PPV-M accumulated to a significantly higher titer than PPV-D in Black Diamond. In contrast, in Sun Gold, both isolates showed the same infection rate in single infections. When the first inoculum was the PPV-D isolate, PPV-M could infect Sun Gold and spread throughout the trees, coexisting with the previously established PPV-D type. However, PPV-D could not be detected in Sun Gold trees that previously had been infected with PPV-M. These results indicate that PPV-M prevents infection with PPV-D in the two Japanese plum cultivars studied, but that, in trees previously infected with PPV-D, the aggressive PPV-M type could either completely displace (in Black Diamond) or coexist (in Sun Gold) with the PPV-D population.
MGB real-time RT-PCR has been demonstrated as both a simple and reliable technique to detect, differentiate, and quantify PPV-D and PPV-M in woody plant material. The method was found to be very sensitive, detecting ≈10 amplifiable PPV targets per RT-PCR reaction. However, detection of both types by this technique was unreliable when relative titer exceeded a ratio of 1:1,000. This limitation is due to competition between templates for the same pair of primers and the exponential amplification of the target sequences. This is a common phenomenon in PCR experiments using the same pair of primers in samples containing a mix of templates. Therefore, we cannot rule out the presence of very low titers of PPV-D in some of the double-inoculated trees. Nevertheless, all serological and molecular methods used in this study strongly support the prevalence of the PPV-M population in all double-inoculated plants in which the M type previously was established. The results also demonstrated a different fitness of the two PPV types (replacement or coexistence) in previously Dinfected trees that was dependent of the host cultivar infected.
Recombination, heteroencapsidation, or complementation between two isolates of the same virus or two different viruses are well-characterized interactions (4, 10, 15, 28, 35) that imply the simultaneous presence of the two viruses in the same cell. Frequent and closely related recombinant isolates between PPV-D and PPV-M have been detected in several central-and easternEuropean countries. These natural recombinants share a recombination break point located in the 3′ end of the NIb gene (15, 16) . However, in our experiment, coexistence of the two PPV types in the same plum tree throughout the 6-year experimental period did not result in the emergence of natural recombinants.
PPV-M is a serious threat to stone fruit production. Our study indicates that PPV-M superinfection can result in replacement of a previous PPV-D population or in the coexistence of the two PPV types in the same tree. Japanese plum trees frequently are infected with PPV-D in Spain and Chile. The majority of Japanese plum cultivars show little or no symptoms in fruit (6) . Consequently, growers are not eradicating this type of PPV from Japanese plum and the virus is spreading from these usually symptomless reservoir trees to healthy ones. In the near future, the great majority of Japanese plum production will be based on PPV-D infected trees grown in large areas along the Mediterranean basin and in South America. This situation will not result in cross-protection against PPV-M infection.
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